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Introduction: This study was designed to investigate the effects of granulocyte
colony-stimulating factor (G-CSF) administration in rats for 6 weeks after
traumatic brain injury (TBI).
Methods: Adult male Wistar rats (n = 30) were injured with controlled cortical
impact device and divided into four groups. The treatment groups (n = 10 each)
were injected subcutaneously with recombinant human G-CSF. Vehicle group
(n=10) received phosphate buffered saline (PBS) and only Brdu intraperitoneally.
Bromodeoxyuridine (BrdU) was used for mitotic labeling. Experimental rats
were injected intraperitoneally with BrdU. Rats were killed at 6th week after
traumatic brain injury. Neurological functional evaluation of animals was
performed before and after injury using neurological severity scores (NSS).
Animals were sacrificed 42 days after TBI and brain sections were stained using
Brdu immunohistochemistry.
Results: Statistically significant improvement in functional outcome was
observed in treatment groups when compared with control (p<0.01). This benefit
was visible 7 days after TBI and persisted until 42 days (end of trial). Histological
analysis showed that Brdu cell positive was more in the lesion boundary zone at
treatment animal group than all injected animals.
Discussion: We believe that G-CSF therapeutic protocol reported here represents
an attractive strategy for the development of a clinically significant noninvasive
traumatic brain injury therapy.

1. Introduction
NS injury as traumatic brain injury and
stroke are the leading causes of death
and disability worldwide with no effective treatment that enhances traumatic
recovery (1). A potential strategy for the
treatment of traumatic brain injury is transplantation
of bone marrow stem cells (2-3). These cells appear to
enter through the blood-brain barrier and selectively
migrate to the traumatic hemisphere of the damaged
brain to improve neurological recovery (2-3). However,
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because cell transplantation requires surgical intervention, it is clinically desirable to explore less invasive
therapeutic procedures. Administration of granulocyte
colony-stimulating factor (G-CSF) is known to mobilize hematopoietic stem cells (HSCs) from bone marrow into peripheral blood (4). Peripheral blood-derived
HSCs have been used in place of bone marrow cells in
transplantation for the regeneration of non-hematopoietic tissues such as skeletal muscle and heart (5). G-CSF
has been used extensively for 10 years in the treatment
of neutropenia, as well as for bone marrow reconstitution and stem cell mobilization (6). In traumatic brain
37

injury treatment through administration of stem cells
(2), main determinants are critical for the colonization
and trans-differentiation of stem cells into a variety of
tissues: (1) traumatic tissue damage and (2) the number
of circulating stem cells available (5). Under ischemic
conditions, circulating stem cells appear to selectively
migrate into ischemic regions to support plasticity and
functional recovery of damaged tissue (5). Expression
of stromal cell-derived factor-1 (SDF-1) and its receptor CXCR4 after focal cerebral ischemia (7) led us to
speculate that this chemokine may also signal adhesion and migration of HSCs to ischemic tissue. On
this basis, we hypothesized that traumatic brain injury
enhances HSC plasticity and provides an environment
that enhances differentiation of HSCs into original lineage cell types of the damaged organ such as astrocyte.
In this study, we used a rat model to test the hypothesis that chemokines could mobilize HSCs in a manner
similar to that in which they target inflammatory cells
in non-neuronal damaged tissues. A sufficient number
of HSCs mobilized by G-CSF, could then home in on
cerebral traumatic injuries to promote neuronal repair
and recovery of function; this would provide a basis
for the development of a non-invasive autologous therapy for cerebral ischemia and traumatic brain injury.
To date, no one has analyzed the effect of G-CSF on
morphological and functional recovery after traumatic
brain injury in rat.

2. Methods
2.1. Animal Model
A controlled cortical impact model in rat was used.
Adult male Sprague-Dawley rats (weight: 250 to 300
g) were used in this study. Rats (n = 40) were anesthetized with chloral hydrate (350 mg/kg body weight)
intraperitoneally. Rectal temperature was controlled at
37° ± 0.5°C with a feedback-regulated water-heating
pad. A controlled cortical impact device was used to
induce the injury. Rats were placed in a stereotaxic
frame. Meanwhile, 10-mm diameter craniotomies
were performed adjacent to the central suture, midway
between lambda and bregma. The contralateral craniotomy allowed lateral movement of cortical tissue.
The dura was kept intact over the cortex. Injury was
induced by impacting the left cortex (ipsilateral cortex) with a piston containing a 6-mm diameter tip at
the rate of 4 m/s and 2.5 mm of compression. Animals
were divided into three groups as follows: group 1
(10): TBI + saline (control), group 2 (10): TBI + Brdu
(intraperitoneally), group 3 (10): TBI + G-CSF+ Brdu
(intraperitoneally).
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2.2. Bromodeoxyuridine Labeling
Bromodeoxyuridine (BrdU), a thymidine analogue
that is incorporated into the DNA of dividing cells
during S-phase, was used for mitotic labeling (Sigma
chemical). The labeling protocol has been described
previously (10). Pulse labeling was used to observe
the time course of proliferative cells in the brain after
cerebral ischemia. Experimental rats (including 10 GCSF–treated rats and 10 control rats) were injected intraperitoneally with BrdU (50 mg/kg) every 24 hours
for 14 consecutive days. Rats were killed 42 days after
traumatic brain injury.
2.3. Experimental Animals and G-CSF Treatment
One day after induction of traumatic brain injury, rats
were injected subcutaneously with recombinant human
G-CSF (50 µg/kg) per day; once daily for 5 days (9).
Vehicle animals were subjected to traumatic brain injury and injected with saline and Brdu.
2.4. Neurological Functional Evaluation
Neurological function in the rats was assessed using
the neurological severity scores (NSS). The NSS is
composed of motor (muscle status, abnormal movement), sensory (visual, tactile and proprioceptive), reflex, and beam walking tests. In the severity scores of
injury, one point is awarded for the inability to correctly
perform the tasks or for the lack of a tested reflex. The
higher the NSS score is, the more severe will be the injury. The evaluation of all rats was started before TBI
and performed after TBI at 1 week and weekly thereafter. All measurements were performed by observers
blinded to individual treatment. The table 1 shows a set
of modified neurological severity scores used to grade
neurological function (30).
2.5. Immunohistochemistry of Brain Tissue
The brains of experimental rats were fixed by transcardial perfusion with saline, followed by perfusion and immersion in 4% paraformaldehyde. The cerebral injured
tissues (5 mm) were cut into coronal paraffin blocks. A
series of 6-mm-thick sections at various levels (100-µm
interval) were cut from this block and were analyzed
by fluorescent microscopy For BrdU immunostaining.
DNA was first denatured by incubating each section in
50% formamide of 2X standard saline citrate at 65 °C
for 2 hours, then in 2 N HCl at 37 °C for 30 minutes, and
finally rinsed in 0.1 mol/l boric acid with pH 8.5. Sections were then rinsed with Tris buffer and treated with
1% H2O2 to block endogenous peroxidase. After de-
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anti-mouse IgG-rhodamine conjugated (dilution 1:60 in
PBS (Chemicon)). Quantification of BrdU-immunoreactive cells was performed on paraffin-embedded tissue
sections and was counted digitally with the use of a 40
objective lens via a computer imaging analysis system.
Cerebral cells with uniform nuclear BrdU immunostaining were counted as previously described (12). All
BrdU-reactive cells with BrdU were counted for all 10
coronal sections.
2.6. Statistical Analysis
Data were analyzed by ANOVA for multiple comparisons. In all experiments, means ± SD were calculated
and represented. All data were analyzed using ANOVA
for comparison between the groups with SPSS 15.0. A p
value less than 0.05 was considered a statistically significant difference and p<0.01 was defined as a very significant difference. All p values >0.05 were interpreted
as representing no significant difference.

3. Results
G-CSF stimulates stem cell mobilization and homing
to brain after traumatic brain injury
BrdU-reactive cells detected from an average of 10
histology slides per treatment animal from multiple areas of the ipsilateral hemisphere including cortices and
striatum of the ipsilateral hemisphere. The vast majority
of BrdU-labeled cells were located in the traumatic core
and its boundary zone. Few cells were observed in the
contralateral hemisphere. In summary, G-CSF–treated
traumatic rats exhibited significantly increased numbers
of BrdU immunoreactive cells in their traumatic core
compared with saline- and Brdu only injected traumatic
rats (Figures 1-3).

Figure 1.,PPXQRÁXRUHVFHQWVWDLQLQJÁXRUHVFHQWPLFURVFRS\ *&6)WUHDWPHQWJURXS %UG8LPPXQRreactive cells (B, red) in traumatic region of rat brains

Figure 2.,PPXQRÁXRUHVFHQWVWDLQLQJÁXRUHVFHQWPLFURVFRS\ RQO\%UGXLQMHFWHGJURXS %UG8LPPXnoreactive cells (B, red)
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Table 1. 0RGLÀHG QHXURORJLFDO VHYHULW\ VFRUHV XVHG WR
grade neurological function
Motor tosts
Raising the rat by the tail

Points
3

ϭ&ůĞǆŝŽŶŽĨĨŽƌĞůŝŵď
ϭ&ůĞǆŝŽŶŽĨŚŝŶĚůŝŵď
1 Head moved more than 10°ƚŽƚŚĞǀĞƌƟĐĂůĂǆŝƐ
tĂůŬŝŶŐŽŶƚŚĞŇŽŽƌ;ŶŽƌŵĂůсϬ͖ŵĂǆŝŵƵŵсϯͿ

3

0 Normal walk
1 Inability to walk straight
ϮŝƌĐůůŝŶŐƚŽǁĂƌĚƚŚĞƉĂƌĞĐƟĐƐŝĚĞ
ϯ&ĂůůŝŶŐĚŽǁŶƚŽƚŚĞƉĂƌĞĐƟĐƐŝĚĞ
Sensory test

Figure 3. Brdu cell counting (ANOVA analysis)
Neurological and motor function evaluation

2

ϭWůĂĐŝŶŐƚĞƐƚ;ǀŝƐƵĂůĂŶĚƚĂĐƟůĞƚĞƐƚͿ
Ϯ WƌŽƉƌŝŽĐĞƉƟǀĞ ƚĞƐƚ ;ĚĞĞƉ ƐĞŶƐĂƟŽŶ͕ ƉƵƐŚŝŶŐ ƚŚĞ ƉĂǁ
ĂŐĂŝŶƐƚƚŚĞƚĂďůĞĞĚŐĞƚŽƐƟŵƵůĂƚĞůŝŵďŵƵƐĐůĞƐͿ
ĞĂŵďĂůĂŶĐĞƚĞƐƚƐ;ŶŽƌŵĂůсϬ͖ŵĂǆŝŵƵŵсϲͿϲ

0 Balances with steady posture
1 Grasps side of beam
2 Hugs the beam and one limb falls down from the beam
3 Hugs the beam and two limbs fall down from the beam, or
spins on beam (>60 s)
ϰƩĞŵƉƚƐƚŽďĂůĂŶĐĞŽŶƚŚĞďĞĂŵďƵƚĨĂůůƐŽī;хϰϬƐͿ
ϱƩĞŵƉƚƐƚŽďĂůĂŶĐĞŽŶƚŚĞďĞĂŵďƵƚĨĂůůƐŽī;хϮϬƐͿ
ϲ&ĂůůƐŽī͗ŶŽĂƩĞŵƉƚƚŽďĂůĂŶĐĞŽƌŚĂŶŐŽŶƚŽƚŚĞďĞĂŵ;фϮϬƐͿ
ZĞŇĞǆĞƐĂďƐĞŶƚĂŶĚĂďŶŽƌŵĂůŵŽǀĞŵĞŶƚƐ
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ϭWŝŶŶĂƌĞŇĞǆ;ĂŶĞĂĚƐŚĂŬĞǁŚĞŶƚŚĞĂƵĚŝƚŽƌǇŵĞĂƚƵƐŝƐƚŽƵĐŚĞĚͿ
ϭ ŽƌŶĞĂů ƌĞŇĞǆ ;ĂŶ ĞǇĞ ďůŝŶŬ ǁŚĞŶ ƚŚĞ ĐŽƌŶĞĂ ŝƐ ůŝŐŚƚůǇ
ƚŽƵĐŚĞĚǁŝƚŚĐŽƩŽŶͿ
ϭ^ƚĂƌƚůĞƌĞŇĞǆ;ĂŵŽƚŽƌƌĞƐƉŽŶƐĞƚŽĂďƌŝĞĨŶŽŝƐĞĨƌŽŵƐŶĂƉping a clipboard and paper)
1 Seizures, myoclonus, myodystony)
Maximum points

Figure 4. 5HVXOWV RI EHKDYLRUDO IXQFWLRQDO WHVWV PRGLÀHG
neurological severity score [mNSS] test) before and after
traumatic brain injury (TBI). Rats were injured to traumatic brain injury alone (n=10) or were injected with G-CSF
Q  RUYHKLFOH %UGXRQO\  Q  GD\DIWHU7%,6LJQLÀcant functional recovery was detected in rats treated with
G-CSF compared with control and vehicle. P value<0.01

4. Discussion
In this study, we demonstrated that subcutaneous injections of G-CSF, starting 1 day after traumatic brain
injury and continuing for up to 5 days, enhance functional repair in rats suffering from traumatic injury with
significant recovery of neurological dysfunction. It is
likely that the mechanisms providing therapeutic benefit in this study are multidimensional. First, it found
that administration of G-CSF increased the mobilization
of circulating HSCs to damaged areas of the brain. Second, it is possible that interaction of HSCs with traumatic tissue may lead HSCs and/or parenchymal cells to
40
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...................................................................................................
One point is awarded for the inability to perform the task or
ĨŽƌƚŚĞůĂĐŬŽĨĂƚĞƐƚĞĚƌĞŇĞǆ͗ϭϯͲϭϴͲƐĞǀĞƌĞŝŶũƵƌǇ͖ϳͲϭϮͲŵŽĚĞƌĂƚĞŝŶũƵƌǇ͖ϭͲϲͲŵŝůĚŝŶũƵƌǇ͘

produce trophic factors (13) that may contribute to the
recovery of neural functions
lost as a result of tissue injury (14). HSCs have been
shown to constitutively express interleukins such as interleukin (IL-1), IL-8, and IL-16, fibroblast growth factor-2, vascular endothelial growth factor, insulin growth
factor-1, granulocyte-monocyte colony-stimulating facWRUDQGWXPRUQHFURVLVIDFWRUĮ  7KHVHF\WRNLQHV
may act as survival, growth, and/or differentiation factors for neuronal and vascular progenitor cells, which
may in turn proliferate, migrate, and differentiate after
brain injury and thus contribute to damage recovery
processes. Neurotrophic factors have been shown to
enhance neuronal sprouting (16), synaptogenesis (17),
and neurotransmission (18) and increase neurotrans-
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mitter release (19). In the case of the glial cell line–
derived neurotrophic factor, its injection into the brain
was found to greatly diminish infarction volume and
improve neurological functions in rats suffering cerebral ischemia (20). Therefore, some G-CSF–mobilized
HSCs could enter the cerebral injury region and interact
with brain cells; this interaction may enhance the production of trophic factors such as glial cell line-derived
neurotrophic factor and brain-derived neurotrophic factor, which may in turn promote repair (3) of damaged
parenchymal cells after traumatic brain injury in rats.
In this study, more Brdu labeled cells were found in the
traumatic hemisphere than in the vehicle of experimental rats. This suggests that disruption of the blood-brain
barrier may facilitate selective entry of HSCs into the
traumatic rather than the non-traumatic contralateral
hemisphere. It is interesting to note that in traumatic
and ischemic rat brain a number of neurotrophic factors
are released, which have been shown to result in human
bone marrow stromal cell growth factor production (3,
21). Therefore, we speculate that traumatic damage to
brain tissue may result in the release of trophic factors,
which in turn may target HSCs to damaged tissues. Similarly, Chen and colleagues (29) reported that intravenous administration of marrow stromal cells in rats results in their accumulation in the ischemic brain, and, in
a model of hepatic injury, regenerated hepatic cells were
shown to be of bone marrow origin (29). These findings
suggest that the “injured” brain might specifically attract bone marrow–derived cells. It will be important
to clarify which signaling molecules attract HSCs and
direct their migration to damaged areas. A recent report (23) has indicated that SDF-1 is a strong chemoattractant for CD34 cells that express CXCR4, the receptor for SDF-1, and plays an important role in HSC
trafficking between peripheral circulation and bone
marrow. Recently, Stumm et al (7) demonstrated that
focal cerebral ischemia causes an increase in SDF-1
expression in regions adjacent to the infarcted area.
Lataillade and colleagues (24) reported that a significant proportion of HSCs, mobilized by G-CSF, express
CXCR4 receptors on their cell surface and that SDF-1
induces directional migration of HSCs. By attracting
HSCs to the ischemic region, an SDF-1/CXCR4 interaction may be directly involved in vascular remodeling, angiogenesis, and neurogenesis, thereby alleviating stroke symptoms. In addition, HSCs migrating to
the ischemic hemisphere could create local chemical
gradients and/or localized chemokine accumulation,
dictating a directional response in endothelial, neuronal, and glial progenitor cells (26). As a consequence
of this autocrine regulatory pathway, endothelial and
neuronal progenitor cells could mobilize and fuse
with each other, a step required for subsequent forma-

tion of a structured network of branching vessels and
neurons (27). In addition to mobilized HSCs, SDF-1
might also stimulate host endothelial progenitor cell
differentiation from preexisting blood vessels and/or
host endothelial progenitor cells derived from bone
marrow (27). In addition to inducing HSC migration to
ischemic regions, SDF-1 has also been shown to exert
survival effects on cultured CD34 cells (26) and to regulate endothelial cell branching morphogenesis (28).
Taken together, we therefore hypothesize that plasma
levels of SDF-1, released from damaged tissues, may
provide a host defense signal that in turn attracts mobilizing HSCs to repair the disordered tissue. This study
also provides evidence that the ultimate degree of
neurological improvement is dependent on the recruitment of sufficient HSCs to the damaged area of brain
at an early stage after tissue injury. We propose that the
G-CSF treatment may mobilize autologous HSCs into
circulation, enhance their translocation into traumatic
brain, and thus significantly improve lesion repair. We
believe that the G-CSF therapeutic protocol reported
here represents an attractive strategy for the development of a clinically significant noninvasive traumatic
brain injury therapy.

References
1.Dixon E, Clifton G, Lighthall JW. A controlled cortical impact
model of traumatic brain injury in rat. J Neurosci Methods
1991;39:253–262. [PubMed: 1787745]2. Chen J, Li Y, Wang
L, Zhang Z,
2. Lu D, Mahmood A, Li Y, Chopp M. Adult bone marrow
stromal cells administered intravenously to rats after traumatic brain injury migrate into brain and improve neurological outcome. Neuroreport 2001;12:559–563. [PubMed:
11234763]
3. Mahmood A, Lu D, Chopp M. Intravenous administration
of marrow stromal cells (MSCs) increases the expression
of growth factors in rat brain after traumatic brain injury. J
Neurotrauma 2004;21:33–39.
 'HPHWUL *' *ULIÀQ -' *UDQXORF\WH FRORQ\VWLPXODWLQJ
factor and its receptor. Blood. 1991;78:2791–2808.
5. Orlic D, Kajstura J, Chimenti S, Limana F, Jakoniuk I,
Quaini F, Nadal- Ginard B, Bodine DM, Leri A, Anversa
P. Mobilized bone marrow cells repair the infarcted heart,
improving function and survival. Proc Natl Acad Sci U S A.
2001;98:10344–10349.
6. Weaver CH, Buckner CD, Longin K, Appelbaum FR, Rowley S, Lilleby K,Miser J, Storb R, Hansen JA, Bensinger W.
Syngeneic transplantation withperipheral blood mononuclear cells collected after the administration ofrecombinant
human granulocyte colony-stimulating factor. Blood.
1993;82:1981–1984.

41

7. Stumm RK, Rummel J, Junker V, Culmsee C, Pfeiffer M,
Krieglstein J, Hollt V, Schulz S. A dual role for the SDF-1/
CXCR4 chemokine receptor system in adult brain: isoformselective regulation of SDF-1 expression modulates CXCR4-dependent neuronal plasticity and cerebral leukocyte
recruitment after focal ischemia. J Neurosci. 2002;22:5865–
5878.
8. Chen ST, Hsu CY, Hogan EL, Maricq H, Balentine JD. A
model of focal ischemic stroke in the rat: reproducible extensive cortical infarction. Stroke. 1986;17:738–743.
9. Bodine DM, Seidel NE, Gale MS, Nienhuis AW, Orlic D. EfÀFLHQWUHWURYLUXVWUDQVGXFWLRQRIPRXVHSOXULSRWHQWKHPDWopoietic stem cells mobilized into the peripheral blood by
treatment with granulocyte colony-stimulating factor and
stem cell factor. Blood. 1994;84:1482–1491
10. Zhang RL, Zhang ZG, Zhang L, Chopp M. Proliferation
and differentiation of progenitor cells in the cortex and
the subventricular zone in the adult rat after focal cerebral
ischemia. Neuroscience. 2001;105:33–41
11. Borlongan CV, Hida H, Nishino H. Early assessment of
motor dysfunctions aids in successful occlusion of the middle cerebral artery. Neuroreport. 1998;9:3615–3621
12. Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis
in the dentategyrus of the adult rat: age-related decrease of
neuronal progenitor proliferation. J Neurosci. 1996;16:2027–
2033

21. Chen X, Li Y, Wang L, Katakowski M, Zhang L, Chen J, Xu
Y, Gautam SC, Chopp M. Ischemic rat brain extracts induce
human marrow stromal cellgrowth factor production. Neuropathology. 2002;22:275–279.
22. Petersen BE, Bowen WC, Patrene KD, Mars WM, Sullivan
AK, Murase N, Boggs SS, Greenberger JS, Goff JP. Bone
marrow as a potential source ofhepatic oval cells. Science.
1999;284:1168–1170.
23. Petit I, Szyper-Kravitz M, Nagler A, Lahav M, Peled A, Habler L,Ponomaryov T, Taichman RS, Arenzana-Seisdedos
F, Fujii N, Sandbank J,Zipori D, Lapidot T. G-CSF induces
stem cell mobilization by decreasingbone marrow SDF-1
and up-regulating CXCR4. Nat Immunol.2002;3:687-694.
24. Lataillade JJ, Clay D, Dupuy C, Rigal S, Jasmin C, Bourin P,
Le Bousse Kerdiles MC. Chemokine SDF-1 enhances circulating CD34(_) cell proliferationin synergy with cytokines:
possible role in progenitor survival. Blood.2000;95:756–768.
25. Mariani M, Panina-Bordignon P. Analysis of homing reFHSWRUH[SUHVVLRQRQLQÀOWUDWLQJOHXNRF\WHVLQGLVHDVHVWDWHV
J Immunol Methods. 2003;273:103–114.

13. Lachmund A, Gehrke D, Krieglstein K, Unsicker K. TrophLFIDFWRUVIURPFKURPDIÀQJUDQXOHVSURPRWHVXUYLYDORISHripheral and central nervoussystem neurons. Neuroscience.
1994;62:361–370.

26. Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver
M, Murasawa S,Bosch-Marce M, Masuda H, Losordo DW,
Isner JM, Asahara T. Stromalcell-derived factor-1 effects on
ex vivo expanded endothelial progenitor cellrecruitment for
ischemic neovascularization. Circulation. 2003;107:1322–
1328.

14. Williams LR, Varon S, Peterson GM, Wictorin K, Fischer
W, Bjorklund A, Gage FH. Continuous infusion of nerve
growth factor prevents basal forebrain neuronal death afWHU ÀPEULD IRUQL[ WUDQVHFWLRQ 3URF 1DWO $FDG 6FL 8 6 $
1986;83:9231–9235.

27. Chen J, Zhang ZG, Li Y, Wang L, Xu YX, Gautam SC,
Lu M, Zhu Z, ChoppM. Intravenous administration of
human bone marrow stromal cells inducesangiogenesis
in the ischemic boundary zone after stroke in rats. Circ
Res.2003;92:692–699.

15. Majka M, Janowska-Wieczorek A, Ratajczak J, Ehrenman
K, PietrzkowskiZ, Kowalska MA, Gewirtz AM, Emerson
SG, Ratajczak MZ. Numerous growth factors, cytokines,
and chemokines are secreted by human CD34(_) cells myeloblasts, erythroblasts, and megakaryoblasts and regulate
normal hematopoiesis in an autocrine/paracrine manner.
Blood. 2001;97:3075–3085.

28. Salvucci O, Yao L, Villalba S, Sajewicz A, Pittaluga S, Tosato G. Regulationof endothelial cell branching morphogenesis by endogenous chemokinestromal-derived factor-1.
Blood. 2002;99:2703–2711.

16. Cohen-Cory S, Fraser SE. Effects of brain-derived neurotrophic factor on optic axon branching and remodelling in
vivo. Nature. 1995; 378:192–196.
17. Garofalo L, Ribeiro-da-Silva A, Cuello AC. Nerve
growth factor-induced synaptogenesis and hypertrophy
of cortical cholinergic terminals. Proc Natl Acad Sci U S A.
1992;89:2639–2643.
18. Kang H, Schuman EM. Long-lasting neurotrophin-induced
enhancement of synaptic transmission in the adult hippocampus. Science. 1995;267:1658–1662.
19. Lindholm D. Neurotrophic factors and neuronal plasticity:
is there a link? Adv Neurol. 1997;73: 1-6.

42

20. Wang Y, Lin SZ, Chiou AL, Williams LR, Hoffer BJ.
Glial cell line-derived neurotrophic factor protects against
ischemia-induced injury in the cerebralcortex. J Neurosci.
1997; 17: 4341-4348.

